ABSTRACT: The diet of individuals within a species commonly differs among sex and age classes because of differences in energy requirements and physiological needs. Belugas Delphinapterus leucas show a high level of sexual habitat segregation and dimorphism that could result in differences in diet between the sexes. Here, we used stable isotopes of carbon (δ 13 C) and nitrogen (δ 15 N) from muscle and skin samples of 88 belugas, and likely prey species, to investigate how beluga diet in Cumberland Sound (Nunavut, Canada) varied between sexes, among age classes, and over time from 1982 to 2009. Based on linear mixed-effects models, older belugas had higher δ 13 C and δ 15 N than younger individuals of both sexes, suggesting that older individuals feed on more benthic, higher trophic-position prey than younger individuals. We also found a strong, decreasing trend in both δ 13 C and δ
INTRODUCTION
The energy requirements and physiological needs of individuals can change with sex and age, which can result in individual-level differences in diet and ecological interactions. For example, divergent nutritional needs are hypothesized to drive sexual segregation in several species of large herbivores (Mysterud 2000) . In African elephants Loxodonta africana, females are constrained in their movements during droughts because their dependent offspring are less mobile (Stokke & du Toit 2002) , and thus they have limited access to resources. White-faced capuchins Cebus capucinus of different sex and re productive status have different energy requirements and different diets (Rose 1994 ). Identifying such within-species differences in diet, as a result of age and sex, is important for understanding a species' ecology and for conservation and management efforts.
The beluga Delphinapterus leucas, an abundant odontocete in Arctic waters, exhibits high levels of sexual segregation and dimorphism, similar to other marine mammals (Breed et al. 2006) . In some populations, belugas are seasonally segregated by sex, such that, in the summer, females form large groups that can include their dependent calves, and males form separate and smaller groups (Michaud 2005 , Loseto et al. 2006 . Belugas can also exhibit age-related habitat segregation, with larger and smaller individuals in the Beaufort Sea using more offshore and inshore habitats, respectively (Loseto et al. 2006) . Belugas are also dimorphic, with males being 1.4 times heavier than females (Stewart & Stewart 1989 , Michaud 2005 . Additionally, females likely have dif-ferent energetic requirements from males during their 20 mo lactation period (Brodie 1971 , Sergeant 1973 . The diet of belugas throughout the Arctic is generally poorly understood, but these differences in location, size, and nutrition requirements could lead to sex-and age-related differences in diet, which has been previously shown for some beluga populations (e.g. Hudson Bay, Sergeant 1973; Beaufort Sea, Loseto et al. 2009) .
The beluga population of Cumberland Sound, Baffin Island, Nunavut has been classified as threatened by the Committee on the Status of Endangered Wildlife in Canada, mainly because of low population size (COSEWIC 2004) . The population was commercially exploited in the late 19th and early 20th centuries, which brought the population size from an estimated 8465 (SE = 426) belugas before whaling, to around 500 in the 1980s (estimated from 2 aerial surveys flown in 1985 and 1986, resulting in counts of 407 to 442 belugas, not corrected for submerged animals; Richard et al. 1990 , DFO 2005 . Although the population size has increased to 2017 (95% confidence limits: 1553 to 2623; DFO 2005), it is clear that the population has not yet fully recovered. Because beluga are thought to feed on Greenland halibut Reinhardtius hippoglossoides in the spring based on Inuit traditional knowledge (Kilabuk 1998), the emerging commercial fisheries on Greenland halibut potentially threaten the recovery of the Cumberland Sound beluga population. However, no studies have examined beluga feeding on Greenland halibut in this area.
In the present study, we use stable isotopes to evaluate the diet of belugas in Cumberland Sound. Specifically, we compared the carbon (δ 13 C) and nitrogen (δ 15 N) isotope values of beluga muscle and skin to a suite of potential prey items collected in Cumberland Sound to quantify diet. In addition, we investigated the influence of sex, age, and time (from 1982 to 2009) on the diet of belugas. We hypothesize that (1) male and female belugas will differ in their isotopic values as a result of differences in their energetic and dietary requirements resulting from differences in reproductive demands and (2) old individuals will have higher δ 15 N values as a result of feeding on higher trophic-level prey, as documented in other marine mammals (Lesage et al. 2001) . Our data set covers 27 yr, which is long for a stable isotope analysis of diet in marine mammals (Hirons et al. 2001 , Lesage et al. 2001 , Gaden & Stern 2010 , and provides the opportunity to assess the long-term feeding ecology of beluga in an ecosystem that has undergone significant changes in the past 30 yr, including a reduction in sea ice coverage and duration (Comiso 2002 , McKinney et al. 2012 ) and the invasion of species from more southern regions, including the capelin Mallotus villosus (Mallory et al. 2010 , Gaston et al. 2012 .
MATERIALS AND METHODS

Sampling and stable isotope analysis
Beluga samples were opportunistically collected in Cumberland Sound (65°13' N, 66°45' W; Fig. 1 ) from harvests by the local community. Muscle and skin samples were collected from each individual between 1982 and 2009 (samples collected in 14 out of the 27 yr) from May to November. For some belugas, the sex of the individuals was recorded (n = 68) based on an examination of the reproductive tract and ventral slits (Dahl et al. 2000; however, see Petersen et al. 2012 for a cautionary note about this method). In addition, an established proxy measure for the age of individuals (tooth growth layer group [GLG] ; n = 76) (Lockyer et al. 2007 , Luque et al. 2007 ) was available for some animals. Muscle and skin samples were preserved frozen in plastic bags.
The potential prey items of belugas that were col- The potential prey species were chosen because of their availability in the area and because they have been identified as prey of be lugas in other populations (Seaman et al. 1982 , Watts & Draper 1986 , Kilabuk 1998 , Dahl et al. 2000 , Loseto et al. 2009 ).
Prior to stable isotope analysis, samples were freeze-dried for 48 h and homogenized, and lipid was extracted using a 2:1 solution of chloroform:methanol as described in McMeans et al. (2009 
Statistical analysis
We evaluated the correlates of δ 13 C and δ 15 N values in beluga samples using a backwards-step-wise approach with linear mixed-effects models using the package nlme (Pinheiro et al. 2009) (5) tissue sample type (skin or muscle). We also tested for the interaction between all variables. Finally, we included the ID of the individual as a random effect because the analysis included 2 samples per individual (skin and muscle). The significance of fixed and random effects was evaluated by comparing the fit of the models with and without the term of interest using maximum likelihood ratio tests (χ 2 distribution, df = the difference in the degrees of freedom between the nested models). We started with the full model and examined interactions first, then we removed the terms that did not improve the fit of the model (p > 0.05). Lipids are enriched in carbon compared to other tissues (DeNiro & Epstein 1977 , Tieszen et al. 1983 . In order to investigate the effect of differences in lipid on the carbon content within and between tissues, we also investigated the effect of age class, sex, and tissues on the carbon to nitrogen (C:N) ratios of the samples using similar statistical analysis, with ID as a random effect. Normality of the data was examined using Shapiro tests (Royston 1982) . Final models were inspected for the normality of residuals using normal quantile-quantile plots, and for heteroscedasticity using plots of the residuals against fitted values.
To determine the diet of belugas, we used mixing models for stable isotopic data within a Bayesian framework based upon a Gaussian likelihood with Dirichlet prior mixtures SIAR package in R version 2.12.2 (R Development Core Team 2010). Before performing this analysis, we examined the differences in δ 13 C and δ
15
N values between males and females, as well as between tissue samples, using multivariate analysis of variance in cluding ID as a fixed factor (MA NO VA with Pillai's trace test). Since both sex and tissue type had a significant effect on δ 13 C and δ 15 N values (sex: F 2, 49 = 27.9, p < 0.0001; muscle: F 2, 49 = 26.6, p < 0.0001), we analyzed skin and muscle samples separately and treated males and females as different groups in the mixing models for stable isotopic data analysis. Muscle diet-tissue discrimination factors (mean ± SD) were 1.52 ± 0.42 and 2.31 ± 1.02 for δ 13 C and δ 15 N, respectively while skin diet-tissue discrimination factors were 2.29 ± 0.59 and 2.57 ± 0.52 for δ 13 C and δ 15 N, respectively. Since there are no published values for diet-tissue discrimination factors in beluga skin and muscle, discrimination factors included in mixing models were obtained by taking the average of previously published values from other marine mammals fed on known, high-protein diets (which can affect discrimination factor; Gannes et al. 1997), and included: harp seals Pago philus groenlandicus, harbor seals Phoca vitulina and ringed seals Phoca hispida (Hobson et al. 1996) , killer whale Orcinus orca (Caut et al. 2011) , and bottlenose dolphins Tursiops truncatus (Fernández et al. 2011 ). Because we found an effect of year on stable isotope values (see 'Results'), we only included beluga samples from 2000 and after in the diet analysis to correspond with when prey samples were obtained.
RESULTS
Muscle and skin samples were collected from 88 individuals. A summary of the data is provided in Table 1 . The length (mean ± SD) of all belugas was 381.5 cm ± 60.44 cm and the GLG was 22.6 ± 12.64. Average values for δ 13 C and δ 15 N in muscle and skin samples of females and males are provided in Table 2 .
The final model examining the correlates of δ 13 C values included the fixed factors age class, year, and tissue type as well as the random factor ID (Table 3) . Old belugas had higher δ 13 C than young ones (Fig. 2a) (Fig. 2b) . The year had a strong negative effect on δ 15 N, with values decreasing by an average of 0.8 ‰ over 10 yr (Fig. 3b) N. The C:N ratio was only influenced by the tissue sample type (χ 2 = 135.24, df = 1, p < 0.001), where skin samples had higher C:N ratios than muscle samples (average ± S.D: 3.67 ± 0.16 and 3.32 ± 0.09, for skin and muscle respectively).
The stable isotope values from the 7 potential prey items are shown in Table 2 . Greenland halibut had the highest δ 15 N values, while polychaetes had the lowest (16.9 and 11.7 ‰, respectively). For δ 13 C values, polychaete worms had the highest value, while capelin had the lowest value (−16.5 and −19.9 ‰, respectively; Fig. 4 ). Because red shrimp and Arctic char had similar isotopic values, they were grouped for the analysis of diet. Mixing-model estimates of dietary contributions based on both muscle and skin samples identified cod as having the highest mean dietary proportional contribution to the diet of both males and females (contribution ranging from 0.37 to 0.50) followed by capelin (contribution ranging from 0.28 to 0.39). For both models, the isotopic value for capelin and cod overlapped, making it difficult for the models to differentiate between the 2 prey items (indicated by coefficients of correlation between capelin and cod generated by diagnostic plots in SIAR varying from −0.53 to −0.93). However, cod nitrogen values were marginally significantly higher than capelin nitrogen values (t-test: t = 1.86, p = 0.06). N values of muscle and skin samples from females and males grouped by age classe based on tooth growth layer groups (GLGs: immature 3−11 GLGs, middle age 12−32 GLGs, and old 33−53 GLGs). Box-and-whisker plots: outside edges of the box = first and third quartiles, middle line = median, whiskers = 2 SD, and dots = outliers Models based on muscle and skin samples gave slightly different results for the prey of secondary importance. For males, all the other prey contributed < 0.1 to the diet (Fig. 5a,b) . For females, the model using muscle samples did not identify other important prey (Fig. 5a ), while the model using skin samples identified the group char−shrimp as prey of secondary importance (contribution of 0.12; Fig. 5b ).
DISCUSSION
The results from our mixing-model analysis of diet, examining either skin or muscle samples, suggest that the diet of belugas was mainly composed of Arctic cod and capelin. Results from Cumberland Sound therefore agree with the observation that cod dominates the diet of belugas in the Beaufort Sea and Svalbard (Dahl et al. 2000 , Loseto et al. 2009 ). Capelin is also an important food source for belugas in Western Hudson Bay and Svalbard (Watts & Draper 1986 , Dahl et al. 2000 . Greenland halibut was not one of the major prey items for belugas, based on the stable isotope mixing models. Given that beluga samples were collected between May and November and that the turnover rate of beluga skin is around 70 to 75 d (St Aubin et al. 1990 ), the diet reconstructed from skin samples is likely to represent diet from approximately March to September. Our data therefore do not allow us to infer the fall and winter diet of belugas, when some halibut move to shallower water (< 500 m; Peklova et al.
288 Fig. 4 . Delphinapterus leucas. Scatterplots of isotopic values of potential prey of beluga included in the diet analysis from (a) muscle and (b) skin samples. Means ± SD. In addition, female, male, and unknown-sex belugas are shown corrected for trophic discrimination by subtracting 1.52 ‰ and 2.31 ‰ for muscle carbon and nitrogen, respectively, as well as 2.29 ‰ and 2.57 ‰ for skin carbon and nitrogen. See Table 2 for scientific names of prey ).
Our results suggest age segregation in the diet and/or habitat use of belugas. Carbon isotope values in both skin and muscle samples were significantly greater in older belugas relative to values in younger belugas; the C:N ratio did not vary with age class and does not explain this relationship. In general, benthic or inshore species tend to have higher δ
13
C values compared to pelagic or offshore species (France 1995). These results suggest that older belugas either inhabit different areas or feed more on benthic species than younger individuals. The δ 15 N values from old belugas were higher than in younger individuals, providing evidence that old belugas feed at higher trophic levels than younger conspecifics. This difference might also result from belugas of different age classes feeding on the same prey species but selecting different sizes of prey. However, our sample size did not allow us to test this hypothesis. Thus, both δ 13 C and δ 15 N provided evidence of age segregation in Cumberland Sound belugas. Similarly, belugas in the eastern Beaufort Sea and in the St. Lawrence River showed differences in diet based on size (a proxy of age) (Lesage et al. 2001 , Loseto et al. 2009 ). Alternative explanations to the differences in isotopic values among ages include physiological processes such as growth, pregnancy, lactation, and fasting; however, these processes have been only rarely investigated (Newsome et al. 2010) .
Nitrogen isotope values in our beluga samples showed a decreasing trend with year, indicating a shift in beluga diet, or changes in the ecosystem that have resulted in a shift in the isotope values of the prey base. Over the period of our study, δ 15 N in beluga muscle and skin samples decreased by an average of 0.08 ‰ yr Gruber et al. 1999 , Sonnerup et al. 1999 , Körtzinger et al. 2003 . Thus, changes in beluga δ 13 C values might simply reflect ecosystem changes as observed under the Suess effect in other oceans. Regardless, the potential impact of the likely increasing capelin on belugas in Cumberland Sound and on Arctic ecosystems warrants further study. Either through direct or indirect effects, larger capelin populations could increase contaminant accumulation (McKinney et al. 2012) and change the quantity and quality of nutrients and fats (Thiemann et al. 2008 , Leu et al. 2011 ) moving through food webs.
Skin samples had higher values of δ
C than muscle samples, while muscle samples were more enriched in δ 15 N compared to skin samples. Skin and muscle tissues are expected to have different isotope values because of differences in turnover rates (Tieszen et al. 1983 , Hobson & Clark 1992 . Tissues with shorter turnover rates provide insight into diet over shorter time scales, whereas tissues with longer turnover rates provide insight into diet over longer time scales. The estimated complete turnover rate for the skin of a captive beluga and a bottlenose dolphin was between 70 and 75 d (Hicks et al. 1985 , St Aubin et al. 1990 ). There is no available turnover rate data for beluga muscle, thus interpreting differences in isotope values between the two tissues is difficult.
Results from published studies on marine mammals show no consistent difference between the carbon and nitrogen values in skin and muscle samples (Hobson et al. 1996 , Abend & Smith 1997 , Dehn & Follmann 2007 , Horstmann-Dehn et al. 2012 . Since diet analysis and isotopic comparison based on muscle and skin samples gave slightly different results in our study, we suggest that multiple tissues should be investigated when available. However, a better understanding of the metabolic properties of different tissues is crucial to fully interpret diet analysis of multiple tissues. 
